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PREFACE

This report documents the aerodynamic characteristics of a power-law elliptic
cross-section configuration. This effort consisted of wind tunnel tests and free flight
aeroballistic tests. Complementary numerical modeling and simulation was performed to
match both of these experimental data sets.

The free flight tests were conducted in the USAF Aeroballistic Research Facility,
located at Eglin AFB, FL. The data analysis was accomplished by the Arrow Tech
Associates of South Burlington, Vermont 05401-4985, under Contract F08630-96-C-
0001, with the Air Force Research Laboratory Munitions Directorate, Eglin Air Force
Base, Florida 32542-5434. Gregg Abate was the principal investigator and test director.
Mr. John Krieger conducted the tests that included launch, instrumentation, data
acquisition, and image processing.

The wind tunnel tests were conduced at the United States Air Force Academy
under the direction of Dr. John Bertin. Mr. Larry Lamblin was the Director of Tri-Sonic
Tunnel Operations and Mr. Bobby Hatfield was the craftsman who built and instrumented
the models. Special thanks go to Tim Hayden and to SSgt Buddy Johns who provided the
software support to facilitate the ever-changing data-reduction needs for the experimental
program.

The numerical analysis was performed by Capt. James Forsythe of the United
States Air Force Academy.
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SECTION I
INTRODUCTION

1. Background

Maneuverable, high-energy projectiles that can be launched either from stationary
guns or from mobile guns have the potential to enhance significantly the military
effectiveness of the weapons system. Applications (both offensive and defensive) include
air-to-air, air-to-surface, surface-to-air, and surface-to-surface scenarios. Non-
conventional configurations offer the possibility of generating larger amounts of lift than
would be produced by configurations with an axi-symmetric cross-section. Hence, they
are potentially more maneuverable. Examples of such non-conventional configurations
are (one-half)-power-law elliptic-section (PLES) configurations. (One-half)-power-law
elliptic-section configurations not only produce relatively large amounts of lift, but they
are also more amenable to the blunting that is required to limit the severity of the
aerodynamic heating to the vehicle surface in the vicinity of the stagnation point.
Another advantage of elliptic-section bodies is the relatively small perturbation to the
flow field when compared to those for conventional cone-cylinder-flare configurations.
As a result, the design for launchability is made easier.

The United States Air Force Research Laboratory Munitions Directorate
(AFRL/MN) is part of an international effort to develop enhanced capabilities to predict
the aerodynamics of future, advanced hypersonic systems, such as those described in the
previous paragraph. The design process makes complementary use of experimental
programs and of analytical/numerical methods of varying degree of rigor. Although the
geometry for PLES configurations is relatively simple, the subsequent discussion will
demonstrate that the flow fields contain subtle complexities. Thus, it is important that the
wind-tunnel tests and the computational algorithms used in the design process properly
model the flow physics.

Experimental data were obtained on right-elliptic cones and on (one-half)-power-
law elliptic-section cones in a Mach 8.2 air-stream in the Cranfield University Hypersonic
Gun Tunnel’. Schlieren photographs were used to define the shape of the shock wave for
the right-elliptic cone. Kontis et al.! noted: “The distance between the shock wave and
the body, for 0° incidence, is greater in the meridian plane containing the minor axis than
in the meridian containing the major axis. The shock wave is not an ellipse similar to the
body, but is ‘pushed in' toward the major axis and ‘pulled out' from the minor axis. This
shape is because of the presence of a cross flow from the high pressure sides at the ends
of the major axis to the low pressure sides at the ends of the minor axis.”

Oil-flow patterns that were obtained during the present program indicated that,
even at relatively low angles-of-attack, boundary-layer separation occurred as the air
flowed from the windward surface, around the relatively sharp change in cross section




that occurs near the yaw plane. The free-vortex type of separation contained supersonic
helical vortices that coalesced in the leeward plane-of-symmetryz. The recirculating,
helical vortical flow impinged on the surface, creating an attachment line in the leeward
plane-of-symmetry. The reattaching vortex pair produced a feather pattern in the oil film
on the leeward surface of the model as the recirculating flow proceeded downstream and
away from the leeward plane-of-symmetry. The oil-flow patterns obtained during the
present program with the PLES model at an angle-of-attack of 10° indicated that a
second, imbedded free-vortex-type separation occurred long before the recirculating flow
reached the yaw plane. Thus, even for relatively small angles-of-attack, the flow field
_around the elliptic cross-section contained both primary and secondary separation

streamlines.

Based on surface oil-flow patterns, Kontis et al." also concluded that: “The flow
separate$ on the leeward side of the body to form a pair of counter rotating vortices at low
incidence for all models tested. The vortices grow with incidence.”

An experimental program has been conducted by Pagan et al.> to develop an
understanding of the vortical structures that form when boundary-layer separation occurs
at moderate or high angles-of-attack. The experimental investigation of the flow field for
an ogive cylinder at supersonic free-stream Mach numbers focused on the influences both
of incidence and of turbulence. At low-to-moderate incidences (up to 10°), the flow
structure included a primary cross-flow separation and a secondary cross-flow separatlon
As a result, the flow field contained both a primary and a secondary vortex. Pagan et al.®
found that the influence of turbulence was strongest at low incidence.

For the conceptual design phase, reasonable estimates of the aerodynamic
characteristics of the configuration may be made with aeroprediction codes that make
considerable use of semempirical techniques’ or of relatively simple analytical
techniques’. The comments made in the previous paragraphs indicate that, even though
the configuration geometry is simple, the flow fields for PLES configurations contain
some subtle complexities. Kontis et al.® noted: “in the conceptual design phase, a simple
description of the aerodynamic characteristics is sufficient to assess candidate
configurations. As the development process carries on, the complexity and detail
required increases and the source of data changes, from an almost exclusive reliance on
engineering prediction methods, to a high dependence on results from detailed wind
tunnel tests. There are obvious advantages in being able to proceed further with weapons
development before limitations of available prediction methods force the designer to
resort to expensive and time-consuming wind tunnel tests. In recent years an increasing
number of new weapon designs have included features, such as non-circular cross-
sectional bodies, air intakes, or novel control concepts, which cannot usually be addressed
using engineering prediction methods.”

Grasso and Iaccarino’ state: “Numerical simulations may suffer from a lack of
understanding of the controlling phenomena and/or 1nappropr1ate physical models, as
well as limited experimental information.” Grasso and Taccarino’ noted further that: ¢
high incidence and even for (geometrically simple) slender bodies, in the leeside reglon




PNS results may show some differences with respect to the full Navier-Stokes results.
We also recall that numerical simulations are strongly affected by the numerical
methodology, i.e., the accuracy, efficiency, physical and geometrical modeling, etc. The
use of computational fluid dynamics then poses the question of how one can be sure of
the accuracy of the computed solution, i.e., how reliable a solution is for the
understanding of physical phenomena or for the estimation of critical issues.” The
problems associated with the computation of these unique flowfields are only exacerbated
when there is a lack of experimental data available to help interpret the computational
results. ‘

Shereda et al.® discussed force, moment, and surface-pressure data that were
obtained for PLES configurations at angles-of-attack from -4° to +20° at Mach numbers
from 1.5 to 5.0. Three models were built and tested, having ellipticity ratios of 2.0:1,
2.5:1, and 3.0:1. All three models were 36.0 inches long. Based on limited comparisons,
the parameters computed using the Supersonic/Hypersonic Arbitrary Body Program
(S/HABP) did not agree well with the corresponding measured values. However,
Shereda et al.® concluded: “During this study a number of different types of analysis
codes have been used to generate theoretical results for data/theory comparisons. Both of
the Euler codes used in this study, FLO57 and NSWC, did a very good job of predicting
the pressure distribution, normal force and pitching moment at angles of attack of 6
degrees or less. Since the Euler codes are inviscid the axial forces predicted do not
include the viscous effects and the correct prediction of the axial force coefficient
requires that the viscous effects be accounted for.”

Shepherd and Tod® discussed selected force, moment, and surface-pressure data
from those that were reported by Shereda et al.®, Specifically, the data were for a PLES
configuration having an ellipticity ratio of 2.5:1 at an angle-of-attack between 0° and 4° at
Mach numbers of 2.0 and of 5.0. Shepherd and Tod® compared these data with flowfield
computations that they had generated using a Multiblock Euler Flow Code. Agreement
between computed and measured normal force coefficients was good at both Mach
numbers for all angles-of-attack. However, Shepherd and Tod’® concluded that the failure
of the Euler Flow Code to model the boundary layer consistently led to under-prediction
of the surface pressures, both on the windward and on the leeward surfaces.

Edwards and Roper'® reported on a computational assessment of the static and of
the dynamic coefficients for a PLES body at hypervelocity speeds, specifically, Mach 5 to
Mach 9. Flow fields computed using CHASM, a parabolized Navier-Stokes (PNS) code,
were compared with second-order shock-expansion (SOSE) and with Newtonian
solutions that were generated using the DATCOM Code. The computational results were
also compared against the experimental results that were obtained in the Cranfield
University Gun Tunnel at Mach 8.2. The three computational methods not only correctly
predicted the experimental trends, but were in generally good agreement with the
experimental data. While the SOSE method proved best at predicting the drag coefficient,
CHASM provided the better predictions for the lift coefficient, for the pitching-moment
coefficient, and for the lift-to-drag ratio.




Surface-pressure measurement'! and force-and-moment measurements'”> have
been obtained in experimental programs that have been conducted in the Tri-Sonic Wind-
Tunnel (TWT) at the Aerodynamic Research Center (ARC) at the U.S. Air Force
Academy (USAFA). Flow visualization data were obtained in the form of schlieren
photographs and surface oil-flow patterns that were obtained during these test programs.
Data were obtained at a Mach number of 4.28 over a range of Reynolds numbers (based
on the free-stream conditions and the model length) of 12.47x10° to 19.96x10° over an
angle-of-attack range from -11° to +11°. The data from these wind-tunnel tests were
compared with computations generated using the “Cobaltsg code”'?, which was run on the
Beowulf cluster at the High-Performance Computing Facility (HPCF) at the ARC. It
should be noted that the experimental and the computational parts of this investigation
were conducted concurrently in a double-blind fashion. That is, the results from the
experimental effort were not used to influence the way in which the results from the CFD
effort were produced and vice versa. The flow fields for slender (one-half) power-law
elliptic section (PLES) configurations in a Mach 4.28 air-stream, as determined from the
information generated through tests in the Tri-Sonic Wind Tunnel (TWT) and through the
computations made using Cobalts are discussed in the present report.

2. Research Shape

The “H3” configuration'® studied in this effort is depicted in Figure 1. The H3 is
a one-half power-law projectile with a 0.6 aspect elliptic cross-section. The cross-
sectional variation of the body that is given by the one-half power law is

where k is a constant for constant 8 and the x-axis origin is at the nose of the projectile.
The H3 length is given as 540 mm and the major base diameter is 60 mm'®. Note that the
length, major base diameter, and elliptic ratio (given as 0.6) are all that is required to
define this shape.

z
"""" r= kxO.S
19!!59! """ p—
......... " y
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Figure 1. H3 model geometry




SECTION II
WIND TUNNEL TESTING

1. Wind Tunnel Test Facility

The experimental investigation utilized the Tri-Sonic Wind Tunnel (TWT) of the
Aeronautical Research Center (ARC). The TWT is a blow-down facility that discharges
to the atmosphere, as shown in Figure 2. For a run, the air passes from the holding tanks,
through a series of control valves, into a stagnation (stilling) chamber, through a
convergent/divergent nozzle, and into the test section, which is 1-foot by 1-foot square.
The total pressure in the stagnation chamber (Py;) is sensed by a transducer having a full-
scale range of 300 psia with a combined nonlinearity and hysterises of £0.3% full scale.
The maximum total pressure in the stagnation chamber, which occurs at the higher Mach
numbers (see Figure 3), is 250 psia. The total temperature in the stagnation chamber is
sensed by a Type E (chromel/constantan) thermocouple capable of measuring -328°F to
1652°F with a sensitivity of 37.7+V/°F. The total temperature can be varied only slightly,
being 560°R +20°R.

1'%1' TEST SECTION
NOZZ1E BLOCKS EXHAUST DUCT

@] i
8

Y. L 7¢ 0 1

STILLING CHAMBER

DRYING TOWERS

, @)

EHR

/N

COMPRESSORS
AIR STORAGE TANKS

Figure 2. Schematic of USAF Academy Tri-Sonic Wind Tunnel

Fixed nozzle blocks form the convergent/divergent nozzle through which the air
accelerates from the stagnation chamber into the test section. By selecting from the
nozzle blocks that are available, one can provide test section Mach numbers at specific,
selected design values in the range of 0.14 to 4.50. As shown in Figure 3, the operating




range of total pressure in the tunnel reservoir (P;;) is a function of the test-section Mach
number. By varying the pressure in the stagnation chamber of the TWT, one can control
the unit free-stream Reynolds number in the test section. Depending upon the test-section
Mach number, it is possible to generate free-stream unit Reynolds numbers from

approximately 6x10° per foot to approximately 36x10° per foot.
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Figure 3. USAFA Tri-Sonic Wind Tunnel performance envelope

The run time is a function of the total temperature (7};), the total pressure in the
tunnel reservoir (P,;), and the nozzle throat area (which, since the cross-section area of
the test section is fixed, relates uniquely to the Mach number in the test section). Usable
run times range from 20 seconds to 420 seconds.

2. Test Conditions

For the nozzle blocks that were used in the present program, the free-stream
Mach number in the test section was 4.28 +0.04, which was determined from a facility
calibration program. The total temperature was assumed to be constant at a value of 7, =
560°R. Pressure measurements were obtained at stagnation pressures of approximately
150 psia, 175 psia, 200 psia, and 240 psia. Since the total temperature and the test-
section Mach number are constants, the Reynolds number is directly proportional to the
stagnation pressure. Thus, the corresponding Reynolds numbers, based on the free-stream
conditions and on the model length are presented in Table 1.




Measurements of the forces, of the moments, and of the surface pressures were
obtained at angles-of-attack of £11°, £10°, +8°, +6°, +4°, £2°, and 0° for all four Reynolds
numbers.

Table 1. Correlation between the stagnation
chamber pressure and the free-stream Reynolds
number based on model length of 12.00 inches for
the nominal test conditions of the present program

Py (psia) Rey x 10
150 11.74
175 13.69
200 15.65
240 18.79

3. Wind Tunnel Test Models

A computer-generated image of the baseline PLES configuration showing the
coordinate system is presented in Figure 4. The origin of the coordinate system is at the
apex of the model, with the x-axis corresponding to the longitudinal axis of the
configuration. In accordance with the right-hand rule, the x-axis is positive to the left,
when viewed from the rear of the model, and the z-axis is downward. The xy plane
contains the major axis, while the xz plane contains the minor axis. The equations for the
one-half power-law elliptic-section (PLES) configurations are

z= CI’CQ5 (2)
y= szO'S 3)

where the factors C; and C; define the thickness ratio of the model and the eccentricity of
the elliptic cross section. For this report, the units for the physical coordinates (x, y, and z)
in these two equations are inches. The lines traced out by these equations are connected
by ellipses of eccentricity 5/3 centered on the x-axis. Thus,

_(5 .
c, —@Cl @

a= (%jb | 5)

The model geometries will be defined by a three-letter code. The first letter will
be used to identify, whether the model was built at the Eglin Air Force Base (E) or at the
U.S. Air Force Academy (A). The second letter will identify whether the model is a
force-and-moment model (F) or a pressure model (P). The third letter will identify the
thickness ratio of the model, which is defined by the magnitude of the parameters C; and
C, (or a and b). For the baseline models, which are designated by the symbol B, C; =

and




0.119 and C; = 0.198. A pair of models (both a P and an F) were built at the U.S. Air
Force Academy to study the effect of the thickness ratio on the comparison between the
measured parameters with those from the computed flow fields. The modified models
have a thickness ratio that is 4/3 that for the baseline models and are designated by the
symbol M, C; = 0.159 and C; = 0.264.

Figure 4. Configuration geometry Figure 5. The models tested, from left to
and coordinate system for slender, right: APM, APB, EPB
power-law elliptic-section model.

The reader should note that, for the models that were built at the Eglin Air Force
Base, L = 12.75 inches. For the models that were built at the U. S. Air Force Academy, L
= ]2.00 inches. The Eglin model corresponds to the ""H3" configuration. The 12.00 inch
baseline Academy model is the H3 model with the final 0.75 inches removed, in order to
fit the entire model into the calibrated portion of the test section. For the pressure
measurements these two models are equivalent, since all pressure measurements were
taken well forward of 12.00 inches. For the force and moment measurements, the models
are not equivalent. Presented in Figure 5 and in Table 2 is a summary of the
nomenclature and of the dimensions of the models for which data relevant to the present
report were obtained.

Table 2. The nomenclature and the dimensions of the models for
which data relevant to the present report were obtained

L a(=L,e) b S

(in.) (in.) (in.) (in’)
EPB 12.75 1.417 0.850 0.946
APB 12.00 1.372 0.824 0.888
EFB’ 12.75 1.417 0.850 0.946
AFB 12.00 1.372 0.824 0.888
APM 12.00 1.829 1.102 1.582
AFM 12.00 1.829 1.102 1.582

* Force-and-moment data for the EFB model were obtained in the DREV Tri Sonic Wind

Tunnel'




For the EPB and for the APB models, twenty orifices, flush-mounted in the
model's surface, were used to sense static pressures acting on the model during a run.
Although the “E” and the “A” models were of different length L, the pressure orifices
were located in one of two planes that were the same distance from the apex regardless of
the length of the model, i.e., x = 4.50 inches and x = 9.00 inches. The locations of the
pressure orifices are presented in Figure 6 and in Table 3. Eight orifices were located in a
cross-section plane that was nominally 4.50 inches from the apex of the model. Twelve
orifices were located in a cross-section plane that was nominally 9.00 inches from the
model apex. In this report, spanwise pressure distributions at a station will be presented
as a function of the dimensionless distance from the pitch plane, i.€., YVmaxr, Where ymax is
the maximum value of y for that station. The orifices in the x = 4.50 inches plane are all
meant to be located on the port side of the model, i.e., at positive values of y. Conversely,
the orifices in the x = 9.00 inches plane are all meant to be located on the starboard side
of the model, i.e., at negative values of y. This was done to simplify installing the
hypodermic tubing in the model. However, mode! construction techniques resulted in the
actual locations of the pressure orifices being slightly different than the specified
locations. This can be seen in the pressure-orifice locations presented in Table 3 for the
EPB model. Orifice no. 1, which was in the x = 4.50 inches plane, had a small negative
y-coordinate.
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i

B A= 45000
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Figure 6. Location of the surface pressure ports for the APB and EPB models

A similar philosophy was used for locating the orifices to provide surface-pressure
data for the APM model. However, because the APM model had a greater thickness
ratio, it could accommodate 22 orifices, eleven at x = 4.50 inches and eleven more at x =
9.00 inches. The locations of the pressure orifices of the APM model are presented in
Figure 7 and in Table 4.




X = 9,00 X = 450

Figure 7. Location of the surface pressure ports for the APM model ' -

Table 3. Locations of the static

pressure orifices for the EPB and Table 4. Locations of the static
APB models. pressure orifices for APM model.
Port| x x/L y YWmax | 2(0) | 2/Zmex  Port| x x/L y WWmax | 2(in) | 2/Zpar
(in.) (in.) (in.) (in.)
1 [ 45| 0353 [-0.033]-0080|-0249]-1.000 1 | 45 ] 03530000 00 [-0337]-1.000
2 | 45 | 0353 |+0.072 |+0.175[-0234 | -0922 2 | 45 | 0353 | 0.112 | 02 |-0.301 | -0.894
3 | 45 | 0353 |+0.184 {+0.448 | -0.210 | -0.793 3 | 45 ] 0353 | 0224 | 0.4 |-0.261 ] -0.775
4 | 45 | 0353 [+0.284 [ +0.691 | -0.161 | -0.562 4 | 45 | 0353 | 0.336 | 0.6 |[-0.213 | -0.632
5 | 45 | 0353 |+0.411 | +1.000| 0.000 | 0.000 5 | 45 | 0353 | 0.448 | 0.8 | -0.150 | -0.447
6 | 45 | 0353 |+0.376 | +0.915 | +0.121 |+0478 6 | 4.5 | 0.353 | 0.560 | 1.0 | 0.000 | 0.000
7 | 45 | 0353 | +0.263 | +0.640 | +0.207 | +0.818 7 | 4.5 | 0.353 | 0.504 | 0.9 | 0.106 | 0.316
8 | 45 | 0.353 | +0.150 | +0.365 | +0.253 | +1.000 8 | 45 | 0.353 | 0.392 | 0.7 | 0.184 | 0.548
9 | 9.0 | 0706 | -0.130 | -0.216 | +0.364 | 1.000 9 | 45 | 0353 | 0280 | 0.5 | 0.238 | 0.707
10 | 9.0 | 0.706 | -0.250 | -0.415 | +0.360 | +0.989 10 | 45 | 0353 | 0.168 0.3 0.281 | 0.837
11| 9.0 | 0.706 | -0.375 | -0.622 | +0.347 [ +0.953 11 | 45 | 0353 | 0.056 | 0.1 | 0.319 | 0.949
12 | 9.0 | 0.706 | -0.484 | -0.803 | +0.315 | +0.865 12 | 9.0 | 0.706 | 0.000 | 0.0 | 0.476 | 1.000
13| 9.0 | 0.706 | -0.603 [ -1.000 | +0.266 | +0.731 13 | 9.0 | 0.706 | -0.158 | -0.2 | 0.426 | 0.894
14 | 9.0 | 0.706 | -0.560 | -0.929 | +0.205 | +0.563 14 | 9.0 | 0.706 | -0.317 | -0.4 | 0.369 | 0.775
15| 9.0 | 0.706 | -0.506 | -0.839 | +0.142 | +0.390 15| 9.0 | 0.706 | -0.475 | -0.6 | 0.301 | 0.632
16 | 9.0 | 0.706 | -0.417 [ -0.692 | 0.000 | 0.000 16 | 9.0 | 0.706 | -0.634 | -0.8 | 0.213 | 0.447
17| 9.0 | 0.706 | -0311 | -0.516 | -0.195 | -0.562 17 | 9.0 | 0.706 | -0.792{ -1.0 | 0.000 | 0.000
18] 9.0 | 0.706 | -0.196 | -0.325 | -0.275 | -0.793 18 | 9.0 | 0.706 | -0.713 | -0.9 | -0.150 | -0.316
19| 9.0 | 0.706 | -0.071 | -0.118 | -0.320 | 0922 19| 9.0 | 0.706 | -0.554 | -0.7 | -0.261 | -0.548 -
20 | 9.0 | 0.706 | 0.000 | 0.000 | -0.347 | -1.000 20 | 9.0 | 0.706 | -0.396 | -0.5 | -0.337 | -0.707
211 9.0 | 0.706 | 0238 | -0.3 {-0.242 | -0.837
22| 9.0 | 0706 | -0.079 | -0.1 |-0.451 | -0.949

Note that the pressure measurements from those orifices on the top of the vehicle,
i.e., those having negative z-coordinates, are on the leeward surface when the model is at
a positive angle-of-attack. Furthermore, the pressure measurements from those orifices
on the bottom of the vehicle, i.e., those having positive z-coordinates, are on the leeward
surface, when the model is at a negative angle-of-attack. Thus, one can combine the data
from two stops on the alpha sweep (combining the pressure measurements from the
orifices having a negative z-coordinate for a specific, positive alpha with the pressure
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measurements from the orifices having a positive z-coordinate that were obtained at an
alpha of the same magnitude, but negative in sign) to produce a composite, spanwise
pressure distribution for the leeward surface. A similar approach would yield a detailed
spanwise pressure distribution for the windward surface. This procedure requires that the
symmetry of the model, the symmetry of the flow, and the run-to-run variations of the
pressure measurements must be within acceptable limits. Data indicating that these three
requirements were met will be presented in the section: “Results and Discussion.”

For the models built at the U.S. Air Force Academy, the process was to build and
test the “F” model first. Once the force-and-moment data had been obtained, the model
was returned to the shop and the pressure tubing was placed in the model. Thus, the
dimensions of the force-and-moment model were identical to those for the pressure
model.

The measurements of the forces and of the moments were made using a six-
component balance flush-mounted to the base of the model. The force coefficients (Cr),
both for the axial force (X) and for the normal force (Z), were calculated using the relation
that:

c, =L ©)
9,8

The coefficient for the pitching moment about the apex of the model, i.e., about x
=0, (Cump) was calculated using the relation that:

__M, Q)
‘ qISLref

Cu

After mounting the model on the sting, two pressure probes were mounted on the
sting. These probes were located on either side of the sting, approximately in-line with
the yaw plane of the model and close to the base of the model. During the test runs, these
probes sensed the static pressures in the base region. The two measurements were
averaged to find the mean base pressure (Ppqve), Which was used in calculating the
effective axial force (Xo5) and the effective axial-force coefficient (Cxep), as will be
discussed later in the “Results and Discussion” section. When mounting the PLES models
in the test section, great care was taken to ensure that the model was correctly aligned
with the axis of the wind tunnel. However, small offsets (+0.2°) were unavoidable.
Before the testing began and at regular intervals during each series of runs, the model
offset angle was measured. The offset angle was then added to the sting angle to provide
the actual angle-of-attack that was used in the analysis of the data.

11
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SECTION III
AEROBALLISTIC TESTING

1. Free Flight Facility

The tests were conducted in the US Air Force Aeroballistic Research Facility
(ARF)". This facility is operated and maintained by the Air Force Research Laboratory
Munitions Directorate, Eglin AFB, FL. The ARF is an enclosed, instrumented, concrete
structure used to examine the exterior ballistics of various free-flight projectiles. The
207-meter instrumented length of the range has a 16 m? cross section for the first 69
meters and a 25 m? cross section for the remaining length. The range has 131 locations
available as instrumented stations of which 50 are currently used to house fully
instrumented orthogonal shadowgraph stations. Besides the shadowgraph stations, the
facility contains one laser-lighted photographic station located in the uprange end of the
instrumented section. The range is an atmospheric test facility where the temperature and
the relative humidity are controlled to 20 +1 °C and less than 55%, respectively. A
chronograph system provides the times for the projectile at each station. These times
together with the spatial position and orientation obtained from the orthogonal
photographs provide the basic trajectory data from which the aerodynamic coefficients
are extracted.

2. Free Flight Model Design

Free-flight testing requires a statically stable model to determine the projectile’s
aerodynamic coefficients and stability derivatives.'® A homogeneous H3 projectile would
have its center of gravity at approximately 67% of the body length'®. It was determined
through initial predictions'®** that the center of pressure is at roughly 50-56% body
length. It was then necessary to design a ballistic range model whose CG was ahead of
the 50% body length position. Since there was some uncertainty about the exact location
of the center of pressure for this configuration, a conservative desired location for the CG
was selected at 47% body length.

Since the H3 configuration has more volume in the rear of the projectile, it was
necessary to design a model with a heavy nose section and a lighter afterbody. The
conventional means to adjust the center of gravity for a ballistic range model, as utilized
in these test models, is to use a heavier material for the nose than for that of the base.

In order to get the center of gravity for the H3 configuration to 47%, a tungsten
nose with an aluminum afterbody was required. Additionally, a hole was placed in the
afterbody to further reduce its weight. The ballistic range model is depicted in Figure 8
and is a 25% scale version of the H3. Additionally, a sabot was required to house the
model in the launch tube. The sabot is shown in Figure 9. The model’s physical
properties are given in Table 5.
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Table 5. Free Flight Model Physical

Properties
Reference Diameter (dy.q), mm 18.00
Reference Area 152.68
(A= Arne*Ain)/4), mm?
Length (L), mm 162.0
Mass, g 70.6 .
I, g*cm?2 9.34
I, g*cm2 1170.
Xcg, mm from nose 75.5 _
6.375" -—
R 2.869" - ”"1 0.7083"

N N | ®
\ X

‘-~ Tungsten nose
20.250"

N\
~——1/4-20 threaded post, .375" long

Figure 8. Free-flight ballistic range model

Figure 9. Free-flight model sabot




3. Free Flight Test Conditions

All test firings at the ARF were conducted at atmospheric pressure. As previously
mentioned, the temperature and humidity within the ARF are controlled to about 21°C
and 50%, respectively. The launch velocities ranged from Mach 3.0 to just below 5.0.
Attempts to increase the launch velocity resulted in damage to the model. This damage
was due to the launch acceleration causing “set-back” loads from the tungsten nose that
buckled the aluminum afterbody. Aerodynamic Parameter Identification

From each set of free flight motion data the aerodynamic force and moment
coefficients have been extracted. The essential steps of the data reduction are:

1. assemble the physical properties and atmospheric conditions,

2. read/analyze the film to determine the spatial position and orientation of
the model,

3. mathematically model the test configuration’s theoretical equation of
motion, and

4. match these theoretical equations to the experimental data in order to
determine the aerodynamic parameters of the model.

The complete process is described in Reference 17. The Comprehensive
Automated Data Reduction and Analysis System (CADRA)'® is used to read the film and
calculate the trajectory. The trajectory matching process is accomplished using the
Acroballistic Research Facility Data Analysis System (ARFDAS)'"" and is depicted
graphically in Figure 10.

ARFDAS incorporates a standard linear theory analysis”’w’zo and a six-degree-of-
freedom (6DOF) numerical integration technique®. The 6DOF integration routine
incorporates the Maximum Likelihood Method (MLM) to match the theoretical trajectory
to the experimentally measured trajectory.’® The MLM is an iterative procedure that
adjusts the aerodynamic coefficients to maximize a likelihood function. The use of this
likelihood function eliminates the inherent assumption in least-squares theory that the
magnitude of the measurement noise must be consistent between dynamic parameters
(irrespective of units). In general, the aerodynamics can be nonlinear functions of the
angle of attack, Mach number, and aerodynamic roll angle.

Each model fired in the ARF was initially analyzed separately, then combined in
appropriate groups for simultaneous analysis using the multiple fit capability. This
method provides a common set of aerodynamics that matches each of the separately
measured position-attitude-time profiles. The multiple fit approach provides a more
complete spectrum of angular and translational motion than would generally be available
from any one trajectory considered separately. This increases the probability that the
determined coefficients define the model's aerodynamics over the entire range of test
conditions.
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ARFDAS - Aerobalistic Research Facility
Data Analysis System

6DOF Dynamic Data

t,x.y,2,¢,0,y
Physical Propertie . At heri
mospheric
LMD 11, Y Conditions
ARFDAS
Ly dxzil yz Startup PP T,
Y
Linear Theory
Analysis Fit Theoretical

to Experimental

Y
6DOF Symmetric
or

Single &
Multiple Fits

Aerodynamic Forces & Moments vs.

Mach No. & Angle of Attack & Roll Angle
Cxo,Cxa2,Cxad,CNa CNa3.CNe5.CYpa CYpad..onnn.
Cma,Cma3,Cmas,Cmq , Cmq 2.Cnpa ,Cnpa3, Cnpasv.....u..
Cnp .Cnﬂ3,Cnr ,Cw2,Cna,Cmr3,Cnya3.ccennnnnnnn..
Cip:Crpa2,Cr88,Cpm 3eeninnnnnnnnnn.

Figure 10. ARFDAS parameter identification process

4. Aerodynamic Predictions

Engineering level prediction capability for non-circular cross-section bodies is
extremely limited. One of the only known codes for a variety of such configurations is
the 1998 version of the US Naval Surface Weapons Center Aeroprediction Code
(AP98)**?. Predictions of the H3 configuration were perforwmed24 and will be presented
in the results section of this report.
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SECTION IV
COMPUTATIONAL ANALYSIS

1. Solutions of Wind Tunnel Data

Flow fields for the PLES configurations in a Mach 4.28 air-stream were computed
using the December 1999 version of the Cobaltsy code that had been developed by the
Computational Sciences Branch at the United States Air Force Research Laboratory'.
The aerodynamic parameters, thus computed, were compared with the corresponding
experimentally determined aerodynamic parameters. Cobaltso is an implicit, parallel code
that can be used to solve the full Navier Stokes equations, or simplifications thereof. The
code can be set up to neglect the presence of a boundary layer adjacent to the surface, i.e.,
it can be set up to solve the Euler equations. In addition, the code can be set up, assuming
that the boundary layer remains laminar over the entire surface of the configuration or
that it transitions to turbulent flow at pre-defined locations on the surface. If transition is
assumed to occur, the user of the code can select from a variety of turbulence models.
The turbulence models available at the time these computations were made were: the one-
equation turbulence model of Spalart and Allmaras® and the one-equation model of
Baldwin and Barth®. Flow fields were computed for the three possible boundary-layer
models: no boundary layer (using the Euler equations), a fully-laminar boundary layer,
and a fully-turbulent boundary layer, so that no portion of the boundary layer is laminar.
The Spalart-Allmaras turbulence model was used for those cases, where the boundary
layer was assumed to be turbulent.

The unstructured grids that were used for the present study were generated using
Gridgen, GRID-TOOL, and VGRIDns*’. 1In order to minimize the computational
resources required, the grid generation strategy took advantage of flow-field symmetry,
where possible. One can take advantage of the fact that the zero angle-of-attack flow
field is symmetric about both the pitch-plane and the yaw-plane. Thus, as shown in Figure
11, one needs to generate an unstructured grid for only one quadrant of the flow field.
For the present study, approximately one million cells were used to compute the flow
field, when the configuration is at zero angle-of-attack. For those cases where the angle-
of-attack is not zero, but the yaw angle is, the grid-generation scheme took advantage of
the fact that the flow was planar symmetric about the pitch-plane. Thus, the grid was
mirrored about the yaw plane to provide a half-model of the flow field that contained
approximately two million cells.

The inflow boundary conditions were taken to be those for the nominal test
conditions for the runs that were conducted in the TWT. Flow-field solutions were
computed for “all” angles-of-attack and for “all” configurations at P,; = 175 psia. Flow-
field solutions were computed for selected configurations at P,; = 150 psia and at P,; =
240 psia. These computations were made to investigate, if there were any Reynolds-
number effects evident in the computed solutions.
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Figure 11. Cobaltgy unstructured grid Figure 12. Detail of Cobalte grid near
generated by VGRIDns for 0° angle of the nose
attack

The far-field boundaries were located far enough from the surface of the model so
that the entire bow-shock wave could be captured over the entire angle-of-attack range, of
interest to the present study (i.e., the entire shock layer could be computed for angles-of-
attack from -11° to +11°). A close up of the unstructured grid in the vicinity of the model
apex is presented in Figure 12. The area covered in Figure 12 corresponds to x in the
range of +0.5 inches. As can be seen in Figure 11, the downstream boundary of the grid
is co-planar with the base of the PLES configuration. Thus, the effect of base flow is not
modeled in these calculations. When calculating the axial force acting on the model, it
was assumed that pressure that acts over the base area of the model is equal to the free-
stream static pressure.

2. Solutions of Free Flight Data

Flow fields for the H3 free flight configuration were computed using the June
2000 version of the Cobaltsy code that had been developed by the Computational
Sciences Branch at the U. S. Air Force Research Laboratory'®. Cobaltsg is an implicit,
parallel code that can be used to solve the Navier-Stokes or Euler Equations. Reynolds-
averaged turbulence models available in this version were: Spalart-Allmaras®®, Menter’s
Baselinezs, Menter’s Shear Stress Transportzs, and Wilcox’s 1998 k-0 models.
Forsythe et al. % tested these models on numerous benchmark cases, including a Mach 2.5
axisymmetric base flow. Menter’s Baseline Model with compressibility correction was
used for all the current calculations based on its performance in the base flow test case.
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Figure 13. Computational domain for Figure 14. Grid close-up view of the
the alpha cases base region for the zero degree cases

The unstructured grids that were used for the present study were generated using
VGRIDns®!. In order to minimize the computational resources required, the grid
generation strategy took advantage of flow-field symmetry. For the zero degree case,
only one quarter of the geometry was gridded.  For the angle of attack cases, the grid was
mirrored using the blacksmith utility’> to provide a grid that modeled half of the
geometry, as shown in Figure 13. This same process was applied for the beta cases. The
quarter geometry grid contained 1.65 million cells while the half geometry grids
contained 3.3 million cells. Prisms were used in the boundary layer, with an average first
y* of 0.8 and a geometric stretching growth rate of 1.25. A close up of the base region is
shown in Figure 14.

The far-field boundaries were located far enough from the surface of the model
such that the entire bow-shock wave would be captured (~8.5 reference diameters). The
upstream boundary was located approximately 1.4 reference diameters upstream of the
nose. The downstream boundary was located far enough downstream from the base (~5.4-
reference diameters) to recover to supersonic flow thereby preventing any reflections at
the downstream boundary from affecting the solution upstream. '

The inflow boundary conditions for the CFD simulations were taken to be
representative of the ballistic range tests. A candidate flight condition was chosen at
Mach 4.2 and comparable temperature and pressure values consistent with the ballistic
range tests were specified. Figure 15 depicts the surface pressure contours, base flow
streamlines, and calculated Schlieren flow structure for the 0° angle of attack case at
Mach 4.2.

To calculate values of force and moment derivatives versus alpha and beta,
solutions were generated at 0°, 1° alpha and 1° beta. The derivatives were then calculated
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by comparing the forces and moments at 0° and 1°. By symmetry, all forces and moments
except the axial force were zero for 0°.

Axial and normal forces, number of supersonic cells, and average first y* values
were monitored during the runs to check for convergence. The run was considered
converged when these values changed by less than 1% over 500 iterations in a row. This
approach required approximately 4000 iterations. A grid refinement study was not
conducted, however, previously sensitivity to grid resolution was explored for the
forebody region only>. A coarser grid than the current one was seen to give grid
independent solutions for the pressures at two axial locations. This is certainly not proof
of a grid converged solution for the current study, especially in the base region.

Figure 15. CFD results for zero alpha, Mach 4.2, free-flight conditions - surface colored
by pressure, Schlieren on the symmetry plane, and streamlines in the base region
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SECTION V
RESULTS AND DISCUSSION

1. Wind Tunnel Data

The comparison between the experimentally determined aerodynamic parameters
and the corresponding computed values are presented in this report in four subsections.
Surface-pressure measurements that were obtained at an angle-of-attack of 0°, £6°, and
4+10%+11° and flow-visualization photographs will be presented in the first three
subsections. The values of the experimentally determined parameters and of the
computed parameters will be used to define the three different flow fields that occur over
the range of alpha considered in the present report. When the angle-of-attack is zero, the
flow field should be symmetric about both the xy-plane and the xz-plane. Six degrees
angle-of-attack corresponds approximately to the upper limit for which the normal force
coefficient is a linear function of the angle-of-attack. The third subsection will focus on
the flow fields for the relatively high angles-of-attack, i.e., £10°%+11°, where the flow
field contains multiple vortices that result from flow separation. The force- and the
moment-data will be discussed in the fourth and final subsection.

The Flow Field for 0° Angle-of-Attack

Surface streamlines that were observed in the oil-flow patterns obtained with the
model at zero angle-of-attack and which are not presented in this report, were essentially
parallel to the (vertical) pitch plane-of-symmetry. Thus, the oil-flow pattems indicated
that there was some cross flow. As was noted in the Introduction, Kontis et al.' reported
“the presence of a cross-flow from the high pressure sides at the ends of the major axis to
the low pressure sides at the ends of the minor axis.”

Cross flow also affected the shape of the bow shock wave. Mach-number
contours that were computed using the Cobaltgy code for a Rey = 14.55xI 06 which
corresponds to a stagnation chamber pressure of 175 psia, are presented in Figure 16 for
the baseline configuration at cross sections of x = 4.50 inches and of x = 9.00 inches. The
computed iso-Mach contours are approximately circular in cross section. The clustering
of the iso-Mach contours corresponds to the location of the bow shock wave 1n the
computed flow field. Schlieren photographs were obtained by Urena and Massett* while
a power-law elhptlc -section (PLES) model was rotated about its longitudinal, x-axis.
Urena and Massett™ also used a PLES model for which z(x) and y(x) vary as the one-half
power-law, as given in equations (2) and (3), respectively. Since the model used in
Reference 34 had a thickness ratio that was 1.60 times the thickness ratio of the baseline
configuration, C; = 0.190 and C, = 0.317. Schlieren photographs were taken while
varying the roll angle in thirty-degree increments. The trace of the bow shock wave in
each Schlieren photograph was used to generate an experimental definition of the bow-
shock-wave contours in the plane of x = 4.50 inches and in the plane of x = 9.00 inches.
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The experimentally-determined cross sections thus determined for the bow shock wave
are compared with the computed cross sections in Figure 17. The experimentally
determined cross sections are in good agreement with the computed iso-Mach contours.
Using Schlieren photographs, Kontis et al.' observed: “The distance between the shock
wave and the body, for 0° incidence, is greater in the meridian plane containing the minor
axis than in the meridian plane containing the major axis. The shock wave is not an
ellipse similar to the body, but is “pushed in” toward the major axis and is “pulled out”
from the minor axis." Thus, the results from the present investigation are consistent with
the results reported by Kontis et al.'.

a) at x=4.5 in. b) at x=9.0 in.

Figure 16. Cobaltg calculated Mach contours

The trace of the bow shock wave in the vertical pitch plane (y = 0) is presented in
Figure 18 for the baseline model at zero-angle-of-attack in a Mach 4.28 air-stream with
Re, = 14.55x10°. The Schlieren photograph is the top portion of the figure. The
computed flow is below the plane-of-symmetry. The experimentally observed bow shock
wave, as determined from the Schlieren photograph, is in good agreement with that from
the Cobaltso computed flow-field solution. Note that the bow-shock-wave angle is curved
near the apex of the model, but becomes a straight line (i.e., is linear) at points well
downstream from the nose. Using the Schlieren photographs that were obtained as the
large-thickness-ratio model was rotated in thirty-degree increments, Urena and Massett**
measured the bow-shock-wave angle in the linear region. The experimentally-determined
values for the bow-shock-wave angle, thus determined, and the corresponding computed
values are presented as a function of the roll angle ¢in Figure 19. The computed values
and the experimentally determined values are in reasonable agreement.
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Figure 17. Cobaltg, calculated Mach contours

Thus, it is seen that, for zero angle-of-attack, the cross section of the bow shock
wave is almost circular both for station x = 4.50 inches and for station x = 9.00 inches for
the baseline model (see Figure 16(a) and Figure 16(b)) and for the relatively large
thickness-ratio model (see Figure 17). Furthermore, the slope of the bow shock wave in
the linear region is almost independent of ¢ (see Figure 19). Thus, one would expect the
static pressures on the surface of the model to be “approximately constant” at each of the
two cross sections for which data were obtained.

Pressure measurements obtained at zero angle-of-attack and with the total
pressure equal to 175 psia are presented in Figure 20(a) for four different runs, two with
the Eglin-built model (EPB) and two with the Academy-built model (APB). The typical
test procedure was to obtain zero-angle-of-attack pressures twice during each run, once
during the sweep through negative angles-of-attack and once during the sweep through
positive angles-of-attack. The surface-pressure measurements from the upstream station,
i.e., the station at x = 4.50 inches, are represented by the filled symbols. The surface-

23




pressure measurements from the downstream station, i.e., the station at x = 9.00 inches,
are represented by the open symbols. As can be seen in the data of Figure 20(a), the
experimental value for any test condition is +3% of the arithmetic average of the four
measurements for that orifice. Thus, the run-to-run variations, i.e., the repeatability of the
measurements are well within the potential variations due to experimental uncertainty. It
should be noted that there appears to be no significant, consistent bias for the
measurements that come from the orifices located on the top surface of the model (i.e.,
negative values of z) relative to the measurements from the orifices from the lower
surface of the model (i.e., positive values of z). The static pressures measured at orifices
17 and 18 (on the top of the model) are slightly greater than the measurements for orifices
13 and 14 (on the bottom of the model). Referring to Table 3 and to Figure 6 for the
orifice locations, the reader can see these orifices are located at similar y/ymar.
Conversely, the static pressures measured at orifice 20 (on the top of the model) are
slightly less than the measurements for orifice 70 (on the bottom of the model).

1786789 PL-
1:20:35P 02
PEL 0-3

. Figure 18. The bow shock wave at ot = 0°
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Figure 19. Bow shock wave angle measurements

The spanwise pressure distributions from four different runs are presented in
Figure 20(b). However, unlike Figure 20(a), all four data sets are for the same model,
i.e., the APB. The run-to-run variations in the pressure measurements obtained at zero
angle-of-attack and with the total pressure equal to 175 psia exhibit even smaller run-to-
run variations than the measurements that were presented in Figure 20(a).

For all of the data presented in Figure 20, the pressure measurements from the
station x = 4.50 inches, i.e., the filled symbols, are slightly greater than those from the
station x = 9.00 inches, i.e., the open symbols. The slope of the baseline-model surface at
these two x-stations is presented in Table 6, using equation (2) for the pitch-plane, and
using equation (3) for the yaw-plane. The slope of the model surface decreases with x.
Thus, if one uses a simple impact theory to estimate the local static pressure, one would
expect that the pressure would decrease with x. However, as has been discussed, the
cross flow that occurs even at zero angle-of-attack modifies the structure of the shock
wave and, therefore, the static pressures acting on the model surface. Again, subtle
complexities exist in the flow field for this relatively simple shape at zero angle-of-attack.
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Table 6. Slope of the baseline-model
surface in the pitch plane (dz/dx) and in the

yaw plane (dy/dx)
x-station dz/dx dy/dx
(in.) ) )
4.5 1.607 2.674
9.0 1.136 1.891

Pressure measurements obtained with the APB model at zero angle-of-attack are
presented for all four Reynolds numbers in Figure 21. The pressure measurements are
independent of the Reynolds number. Referring to Table 1, the reader will recall that, for
the present tests, the Reynolds numbers based on the free-stream conditions and on the
model length, ranged from 11.74x10° to 18.79x10°. Although the authors do not have
specific information about the boundary-layer transition criteria for this configuration, it
is believed that the boundary layer would be turbulent over most of the model at each test
condition. Thus, it is not surprising that the surface-pressure measurements do not
depend on the Reynolds number for the range of conditions tested.

Included in Figure 21 are the spanwise pressure distributions computed using the
Cobaltgy code for a total pressure of 175 psia. Flow field solutions were computed for
three different models for the viscous boundary layer: (a) ignore the boundary layer
altogether (i.e., solve the Euler equations), (b) assume that the boundary layer remains
laminar over the entire length of the model, and (c) assume that the boundary layer is
fully turbulent along the entire length of the model. There are no significant differences
in the surface-pressure distributions computed for the three different models for the
viscous boundary layer. Furthermore, the agreement between the computations and the
measurements is considered very good.

The spanwise distributions of the static pressures for the APM configuration at
zero angle-of-attack when the Reynolds number based on the free-stream condition and
the model length is nominally 13.69x10° are presented in Figure 22. The experimentally
determined values are in good agreement with the computed values. Recall that the
thickness ratio of the APM model was 1.6 times the thickness ratio for the APB model.
Thus, the thickness ratio does not appear to have a significant effect on the flow field, at
least over the limited range of variation for the thickness ratio that was considered here.
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The Flow Field for 6° Angle-of-Attack

Referring to Figure 23, the reader can see that cross-flow separation occurs at an
angle-of-attack of 6°. The vector components of the velocity, as computed for planes of
constant x (i.e., x = 4.5 inches and x = 9.0 inches), clearly indicate that the flow separates
from the upper surface of the elliptic cross section in the vicinity of y/y. = 0.8. Later in
this section, we will see that an angle-of-attack of six degrees is slightly above the alpha
range for which the normal force coefficient is a linear function of the angle-of-attack.

Experimentally determined spanwise pressure distributions for the APB and for
the EPB model are compared in Figure 24 with the computations. The spanwise pressure
distributions for the APM model are compared with the computations in Figure 25.
These results are presented for a Reynolds number based on the free-stream conditions
and the model length that is nominally 13.69x10°. The measurements from the station x
= 4.50 inches exhibit some scatter. In actuality, the three measurements from the region
0.15Vmax £ y 2 0.70ymax that are greater than the computed values all were sensed at
orifices located on the top of the models (i.e., having negative values of z). Conversely,
the two pressure measurements from the region 0./5ymax < y = 0.70ymq that are very
close in magnitude to the computed values are from the bottom of the models (i.e., having
positive values of z). Since this is true both for the Academy-built model (APB) and for
the Eglin-built model (EPB), the difference is attributed to a flow field phenomena rather
than a model-construction difference. Furthermore, measurements of the model offset
(i.e., the actual angle-of-attack of the model before or after a run when it should be zero)
were taken on a regular basis. The model offsets were small, usually less than 0.2°, which
was close to the uncertainty in our measurement. The differences between the pressures
sensed at orifices on the top of the model and those from the bottom of the model far
exceed what one would expect due to an error in the offset angle. Thus, the differences
are attributed to weak waves crossing the tunnel, which could be seen in the Schlieren
photographs. The waves, which can be seen in Figure 26, are attributed to small
disturbances associated with the curvature of the nozzle wall, when the nozzle blocks
were machined.

A horizontal line can be seen in the Schlieren photographs originating near the
middle of the leeside of the model. The horizontal trace can be seen both for the positive
angle-of-attack (Figure 26(a)) and for the negative angle-of-attack (Figure 26(b)). It is
believed that this trace marks the boundary of the coalescence of the recirculating viscous
cross flow in the leeward plane-of-symmetry. There is no indication of significant
density gradients in the Schlieren photograph in the leeward flow upstream of the origin
of this horizontal line. Thus, it is believed that, in the leeward flow near the nose,
significant density gradients occur only in a thin, turbulent boundary layer.
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Figure 26. Schlieren photographs for the flowfield for the baseline configuration
at an angle of attack of + 6°, P; = 175 psia
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The Flow Fields for +10°/+11° Angle-of-Attack

When the PLES configuration is inclined to the free-stream such that the angle-of-
attack is in the range +£10°+11°, the computations, oil-flow patterns on the surface of the
model, and Schlieren photographs all indicate the existence of a free-shear-layer
separation. This free-shear-layer separation creates helical vortices as the air particles in
the free-shear-layer move both toward the leeward plane-of-symmetry and down the
length of the model.

Presented in Figure 27 are static pressures on the surface of the model, iso-bar
contours from the pitch plane of the flow field, and streamlines that have been taken from
the flow-field solution that was computed using the Cobaltgy code for the EFB model at
an angle-of-attack of 11°. The computational model assumes a fully turbulent boundary
layer for the entire length of the model. The computed flow field indicates the presence
of two supersonic helical vortices, which coalesce in the leeward plane-of-symmetry.
This is consistent with a free-vortex type of separationz.

2.2178e-01

Figure 27. Cobaltg results at o= 11°

However, oil-flow patterns that were observed on the surface of the EFB model
when the model was at an angle-of-attack of 10° indicate a more complex flow field than
was evident in the computed solution. Presented in Figure 28 are a side view and a
leeward view of the oil-flow patterns obtained with the EFB model at an alpha of 10°.
Note that the oil-flow patterns indicate the existence both of a primary- and of a
secondary-separation location. The oil-flow pattern that appears in the side view of
Figure 28(a) indicates that a flow separation occurred very near the yaw plane as the flow
proceeded from the windward surface around the rapid change in cross-section slope for
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large values of y. This is the primary separation location. The primary separation
locations for several values of x are designated by the red symbols in Figure 29. Near the
nose of the model, the oil-flow patterns indicate that the primary separation location is on
the leeward surface. Further downstream, away from the nose of the model, the primary
separation of the flow from the model surface takes place in the yaw plane, i.e., at the end
of the major axis. Shereda et al.® presented similar findings for the primary separation
locations from their tests.

‘ b) Leeward view
Figure 28. Oil flow patterns at o= 10°
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Figure 29. Primary and secondary separation locations at o.= 11°

The free-shear-layer separation created a pair of helical vortices as the air particles
in the free-shear-layer moved both toward the leeward plane of symmetry and down the
length of the model. The two helical vortices are features both of the computed flow
(refer to Figure 27) and of the experimentally observed flow field. The two recirculating,
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helical vortices coalesced in the leeward plane-of-symmetry and then impinged on the
surface. The trace marked “Feature of Interest” in the Schlieren photograph of Figure
30(a) marks the experimentally observed outer limit of the coalescing vortices. The trace
“Feature of Interest” in Figure 30(b) marks the locally high densities in the leeward plane-
of-symmetry taken from the “Schlieren option” for the computed flow field. It is believed
that this trace in the computed flow field that is presented in Figure 30(b) also
corresponds to the location of the outer limit of the vortex pair coalescing in the leeward
plane-of-symmetry. Information to support this assumption is presented in Figure 31. In
Figure 31 selected streamlines have been added to the computed density contours that
were presented in Figure 30(b). Note that the maximum value of the negative z-
coordinate for the helical vortices corresponds to the location of the “Feature of Interest”
in the leeward plane-of-symmetry. Grids have been placed in Figure 30(a) and Figure
30(b) at the two x-stations where the static pressure ports are located. The experimentally
determined locations of this trace (as taken from the Schlieren photograph) are in
reasonable agreement with the computed locations (as determined from the density-
gradient contours).

As the two recirculating, helical vortices coalesced in the leeward plane-of-
symmetry and then impinged on the surface, they created an attachment line in the
leeward plane-of-symmetry. The reattaching flow causes the pressures to be highest near
the leeward plane-of-symmetry. See the spanwise pressure distribution presented in
Figure 32. On the leeward surface of the model, the recirculating flow proceeded both
downstream and away from the plane-of-symmetry. As shown in Figure 28(b), this flow
produced a feather pattern in an oil film placed on the leeward surface. The oil-flow
pattern is consistent with the pressure field. The spanwise component of the flow moved
from the relatively high pressures near the leeward plane-of-symmetry. The pressure
reached a minimum near the mid-span of the model, at y ~ 0.5ymar. As the spanwise
component of the flow near the surface moved further from the plane of symmetry, it
encountered an adverse pressure gradient. Refer to Figure 32. The oil-flow patterns of
Figure 28(b) indicate that a second, imbedded free-vortex-type separation occurred long
before the recirculating flow reached the yaw plane. As can be seen in Figure 28(b), oil
accumulated along a line approximately 2/3 of the way to the edge of the model in the
yaw plane. Because the oil continued to flow downstream, it is believed to be the
demarcation line of an imbedded free-vortex-type of separation for the recirculating flow,
the secondary separation. Thus, even for a relatively low angle-of-attack (i.e., 10°), the
flow field around the power-law elliptical-section configuration contains both primary
and secondary separation streamlines. The locations of the secondary separation location
are indicated by the blue symbol in Figure 29. Oil-flow patterns presented by Shereda et
al.? also exhibited secondary flow separation from the leeward surface.
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B) CFD (Cobaltgy Computations)
Figure 30. Experimental and computational Schlieren images at o, = 11°
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Figure 31. Computational flowfield using Schlieren option for o= 11° with
streamlines added
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The experimentally determined spanwise pressure distributions for the APB and
the EPB models at angles-of-attack of +11° are presented in Figure 32. Consider the
experimentally determined pressures for x = 9.00 inches, for which y is negative. The
measurements from the top of Station 9.00 inches are on the leeward surface, when the
model is at an angle-of-attack of 11° (as represented by the filled diamonds). Similarly,
the measurements from the bottom of Station 9.00 inches are on the leeward surface,
when the model is at an angle-of-attack of -11° (as represented by the open squares).
Note that, although these measurements are from two different stops on the alpha-sweep,
a single smooth curve through the two sets of data would represent the experimentally
determined spanwise pressure distribution for the leeward surface. However, there are
slight differences for the two sets of pressure measurements for the windward surface at
Station 9.00 inches. Although the differences were well within the experimental
uncertainty, the measured values for the bottom surface at Station 9.00 (as represented by
the filled squares) were slightly greater than the measured values from the top surface of
Station 9.00, when the model is at -11° angle-of-attack (as represented by the open
diamonds). Refer to the Schlieren photographs presented in Figure 33(a) and Figure
33(b). A weak right-running wave can be seen impinging on the windward surface of the
model, when the model is at +11° angle-of-attack. The wave impinges on the model at
Station 9.00, which corresponds to the location of the relatively high pressure
measurements. The viscous/inviscid interaction associated with the weak impinging wave
would explain the slight increase in these pressure measurements.

Force and Moment Data

The normal force coefficients for the baseline model built at the USAFA as
measured at positive angles-of-attack are presented in Figure 34 for all four Reynolds
numbers. The measured values for the normal force coefficient are independent of the
Reynolds number over the range for which data were obtained. Included for comparison
are the normal force coefficients computed using the Cobaltsy code. CFD solutions were
obtained under the assumption that the boundary layer was fully laminar or that it was
fully turbulent, using the turbulence model of Spalart and Allmaras®. For angles-of-
attack of four degrees, or less, the lift coefficient is a linear function of the angle of attack,
with the experimental values being slightly greater than computed values at a given
angle-of-attack. For the angle-of-attack range where the normal force coefficient is a
linear function of the angle-of-attack, the computational solutions indicate Czq is 0.0722
per degree whether the boundary layer is assumed to be fully laminar or fully turbulent.
The corresponding value of Cz, based on the experimental measurements is
approximately 0.080 per degree. For the range of alpha, where the Cz, is not constant,
the differences between the experimentally determined normal force coefficients and
those computed assuming that the boundary layer is fully turbulent, although small,
increase with alpha. Although the boundary layer is believed to be turbulent at the high
Reynolds numbers associated with this study, the normal force coefficients computed
assuming the boundary layer is wholly laminar are in relatively good agreement with the
experimental values at 11°.
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b)a=+11°
Figure 33. Schlieren photographs for the flowfield for the baseline configuration
at an angle of attack of + 11°, P,; = 175 psia
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Figure 34. Normal force for an H3 model

The experimentally-determined axial force coefficients, Cy.p for the baseline
model built at the USAFA (AFB) are compared with the computed values in Figure 35.
The computed axial force component assumes that the pressure acting on the base of the
model is equal to the free-stream static pressure. Therefore, in order to allow a direct
comparison between the experimentally determined axial force coefficients and the
computed values, it is necessary to apply a correction to the to the experimental results.

The axial force, X, that is measured by the force balance, is the difference
between the net force acting on the forward facing surfaces, Xz, and the force acting on
the base of the model. During the force-and-moment tests, two static pressure probes
were located adjacent to the model-support sting in the base region of the model.
Averaging the pressures sensed by these two probes yields an average value for the
experimental base pressure, Py The area over which the average value of the two
base-pressure measurements acts is assumed to be the total base area of the model, S.

Therefore, X is given by the following equation:
X = Xfore - 'Pb,ach (8)
Therefore, it is possible to calculate the force acting only on the forward facing
surface of the model:

X, =X+P, .S 9)

Jore b,ave
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Figure 35. Effective axial force for an H3 model

Instead of using the average value of the two base-pressure measurements to
calculate the force acting on the base of the model, let us assume that the free-static
pressure acts on the base of the model. Assuming that Py acts on the base of the model,
the effective axial force, X, is equal to the force that would act on the base due to the
free-stream static pressure subtracted from the force acting on the forebody and is given
as follows:

Xog =X pre = RS (10)

The effective axial force coefficient can then be calculated as follows:

X (11)

Cyp=—=
e q,S

The experimental values of the effective axial force coefficient as determined
using equation (11), are presented in Figure 35. Experimentally-determined values of
Cxep are presented for all four Reynolds numbers (i.e., all four values of the stilling
chamber pressure). Measurements from two runs at a Reynolds number Re; of
approximately 13.69x10° (or P,; = 175 psia) are in good agreement at the large negative
angles-of-attack, but differ significantly as the angle-of-attack is increased. Recall that
the stilling chamber pressure is held constant during a ran. Furthermore, the force-and-
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moment measurements for a given angle-of-attack are recorded while the model  pauses
at the desired angle-of-attack during an alpha sweep. Note that the angle-of-attack for the
measurements from Run 5 are offset 0.8° from all of the other data. Since the offset angle
was measured before and/or after a run, this large offset indicates that the angle-of-attack
changed significantly during this run. The angle-of-attack sequence for which the data of
run 5 were obtained, started at a control input value of zero, swept to -11°, went to +11°,
and then swept back to zero. Thus, the data from the alpha points early in the sequence
(the negative angles-of-attack) are in relatively good agreement with the data from Run 6.
The differences between the Run 5 measurements and the Run 6 measurements are
greater for the data from the alpha points late in the sequence (the positive angles-of-
attack). Because of the time-dependent nature of the differences between the data from
Run 5 and those from Run 6 and because of the relatively large offset angle, the authors
believe that the model was not properly mounted for Run 5 and the data from this run are

considered anomalous.

The values of the effective axial force coefficient, as computed using the Cobaltgo
code, are included in Figure 35. Computations are presented for two boundary-layer
models: (1) the boundary layer is entirely laminar and (2) the boundary layer is entirely
turbulent using the Spalart and Allmaras turbulence model”. As would be expected for
this slender body operating at relatively low angles-of-attack, the laminar values for C, .5
are significantly less than the turbulent values. The values of C; . that were computed
assuming the boundary layer was wholly turbulent decrease slightly as the absolute value
of the angle-of-attack goes from zero to six degrees, where it is a minimum. The
effective axial force coefficient then increases with alpha. This angle-of-attack
dependence for Cy.p, first decreasing with alpha to a minimum, then increasing with
alpha is believed to reflect the changing role of the skin-friction component of drag
relative to the form drag component.

With the exception of the data obtained at an angle-of-attack of -6°, the
experimentally-determined values of the effective axial force coefficient, C,.p for
negative angles-of-attack agree closely with the computations for the wholly turbulent
boundary layer, both in magnitude and in their angle-of-attack dependence. For positive
angles-of-attack, the alpha dependence of the experimentally determined values of C ¢4
similar to that for the turbulent computations. However, the experimentally determined
values are less than the computed values assuming that the boundary layer is wholly
turbulent. Thus, the experimental values of Cy .4 exhibit an asymmetry between the data
obtained at positive and negative angles-of-attack. For some of the runs, the two base
pressure measurements were approximately equal, both in magnitude and in alpha
dependence. For other runs, the two base pressure measurements were significantly
different at certain angles-of-attack. Thus, the authors believe that a significant
contributor to the difference between the experimentally-determined value of C, .5 at a
given positive angles-of-attack and its value at the corresponding negative angle-of-attack
is due to an anomaly in the base-pressure measurements.

The pitching moment coefficient about the apex is presented as a function of the
positive angles-of-attack in Figure 36 for all four Reynolds numbers. The measured
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values for the pitching moment coefficient are independent of the Reynolds number over
the range for which data were obtained. Included for comparison are the pitching
moment coefficients computed using the Cobaltgy code. CFD solutions were  obtained
under the assumption that the boundary layer was fully laminar or that it was fully
turbulent, using the turbulence model of Spalart and Allmaras®. The differences between
the experimentally determined pitching moment coefficients and those computed
assuming that the boundary layer is fully turbulent, although small, increase with alpha.
Although the boundary layer is believed to be turbulent at the high Reynolds numbers
associated with this study, the pitching moment coefficients computed assuming the
boundary layer is wholly laminar are in relatively good agreement with the experimental
values at 11°.

The movement of the center of pressure with angle-of-attack for the baseline
model is presented in Figure 37. The center of pressure is located at just over x/L = 0.5
and x.,/L increases slightly as the magnitude of the angle-of-attack increases. This is in
good agreement with the results of Edwards and Roperm, which indicated the center of
pressure was at a position of x/L = 0.56.
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Figure 36. Pitchilig moment coefficient around the apex for the AFB model as a
function of alpha
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Figure 37. The location of the center of pressure as a function of alpha

2. Free Flight Data

For all coefficients and derivatives, the reference length is the major ellipse
diameter (d,,q) of the base and the reference area is the cross section area of the model
base (A=7m*(dq*dmin)/4). The moment reference point is about the center of gravity
(46.6% from the nose). The complete set of aecrodynamic data from the experiments and
predictions are presented in Table 7. For the Cobaltsy data, the forces and moments were
a result of surface integration of the pressure and shear stress.

The zero yaw axial force coefficient (Cy, ) versus Mach number is shown in
Figure 38. The shaded symbols are the result of matching multiple flight trajectories to a
common set of aerodynamics. Figure 38 shows good agreement between the
experimental data and the predictions. The base drag is the dominant drag for a slender
projectile such as the H3, therefore, predicting the base pressure is crucial to accurately
predicting the drag. For the Mach 2.5 base flow previously examined®’, turbulence
models without compressibility corrections were seen to under-predict the base pressure
by 40-90%. Menter’s Baseline model with compressibility corrections (the model used in
the current study) predicted the base pressure to within 12%. The good agreement in the
current research is probably in large part due to the proper choice of turbulence models.

Figure 39 shows the normal force coefficient derivative in the pitch plane (Czq)
versus Mach number. Figure 40 shows the yaw plane normal force coefficient derivative
(Cyp) versus Mach number. A fair amount of scatter is immediately seen in the
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experimentally-determined values for normal/yaw force derivative. This coefficient is
sometimes difficult to measure accurately from free-flight data if there is not sufficient
heaving motion of the projectile®, as in this case. Better agreement is seen with mutltiple-
fit data for this derivative. The aeroprediction data (AP98) and CFD data appear agree
very well in the Mach number range shown.

Figure 41 contains the pitching moment coefficient derivative in the pitch plane
(Cna) as a function of Mach number. Similarly, the yaw plane moment coefficient
derivative (C,p) versus Mach number is shown in Figure 42. There is more consistency
in this data versus the force data. Again, this is in general the situation where the angular
data is measured well within the free-flight range.

It is seen from the moment data that the H3 configuration is marginally stable and
that there is little variation with Mach number. In spite of this marginal stability, there
was very little angular motion observed in the experimental data. As seen from the total
angle of attack data (@”) in Table 7, the angle of attack was only a few degrees, at most
(with the exception of shot 54). Predictions of the moment data agree very well with that
of the observed data. However, they predict slightly more moment stability in both the
pitch and yaw planes.

Table 7. Aerodynamic Results

airdensity  Speed of sound  Mach 2 shot
kg/m*) {m/s} mumber C Xo C Za C Y8 C ma C nf ch /1 o number
Aeroprediction Code (AP98)
1.2256 340.27 130 0.307 3.566 1274 -1.291 -0.793 0.506
1.2256 340.27 2.00 0.222 3.624 1294  -1.094  -0.706 0.500
1.2256 340.27 3.00 0.158 3.708 1317 -1.091 -0.697 0.499
1.2256 340.27 4.00 0.120 3.744 1330 L1156 -0.735 0.500
1.2256 340.27 428 0.111 3.749 1332 -L175  -0.745 0.501
1.2256 34027 5.00 0.092 3.756 1334 -1218  -0.774 0.502
1.2256 340.27 6.00 0.076 3387 1235 -1174 0984 0.505
1.2256 340.27 7.00 0.065 3.385 1233 -L163  -0.919 0.504
Free-Flight Range (ARF)
1.206 3437 3.00 0.200 4.170 1640 -0953  -0.349 0.474 06 66
1.209 343.0 332 0.156 3.720 1210 -1.061 0.542 0.476 27 67
1.205 344.1 3.65 0.151 3200 2310 0992  -0.782 0.476 22 65
1.196 3442 3.98 0.130 3.490 2120 0899  -0.651 0475 78 56
single fits 1.207 344.3 414 0.112 4870 1130 0914  -0.418 0472 30 63
1.201 344.6 4.18 0.133 3.560 1610 -1356  -0.635 0.479 31 64
1.209 3437 436 0.119 2.430 1490 -1.526  -0.511 0.487 03 62
1.209 343.6 450 0.109 3.070 1850 0992  -0.767 0.477 22 61
1.196 3442 492 0.104 3750 1980  -1.580  -0.682 0.480 12 54
3.16 0.178 4.270 1190 -1286  -0.434 0.476 16 66.67
" 3.82 0.149 3.320 2220 0821 0.674 0474 50 6556
muliple fits 427 0126 299 1460  -1557 0503 0.483 18 6264
47 0.106 3.570 2110 -1.061 0.449 0476 69 61,54
Cobalt g, .
1.2256 343.86 4.20 0.107 3.510 1520 -1362"  -0.569" 0.522

* based upon solutions at 0 & 1 degrees o

Figure 43 presents the center of pressure variation with Mach number for this
configuration as observed from the data. The center of pressure location for the data of
Figure 43 were found via equation (12)'6, given as:
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Xep _Xeo  Cou Omg. (12)

Here it is seen that the experimental data has a center of pressure slightly ahead of
the predicted values. As can be seen here, the test configuration was just slightly stable.
The computational location for the center of pressure is slightly aft of both the free-flight
data and the AP98 data.

Pitch damping (C,,) and yaw damping (C,p) were not adequately determined from
the free-flight data due to the small amplitude changes during each flight in the ARF.
Trim asymmetries and roll induced side moments resulted in a complex motion spectrum.
A representative value for pitch damping is believed to be about —50.

Figure 44 shows a direct shadowgraph of the H3 projectile obtained in the ARF.
This shadowgraph is from shot 67 (Mach 3.32) and shows the shock structure and wake
region in more detail.
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Figure 44 Shadowgraph of H3 projectile traveling at Mach 3.32 (shot 67)
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SECTION VI
CONCLUSIONS

1. Wind Tunnel Data

The following conclusions can be drawn regarding the flow field, based on the

experimental data and on the flow-field computations discussed in the present report over
the range of conditions studied.

The zero-angle-of-attack pressure measurements from the top surface and from the
bottom surface follow a single, well-behaved curve at each station, both in magnitude
and in their dependence on y. Thus, the experimentally determined pressure
measurements indicate that both the model and the wind-tunnel flow field are
symmetric about the xy-plane, i.e., the yaw plane.

For a given value of y/y,., the pressure measured in the upstream plane, i.e., at x =
4.50 inches, is slightly greater than the pressure measured in the downstream plane,
i.e., at x = 9.00 inches. This is true for both the measured pressures and for the
computed pressures. This should be expected since the local surface inclination angle
decreases with distance from the apex of the model.

The normal force coefficient is a linear function of the angle-of-attack for values of
alpha in the range +4°. The components of the velocity vectors taken from the
Cobaltsy computed flow field for a plane of constant x indicate cross-flow separation
(i.e., a free-vortex shear-layer separation, occurs at an angle-of-attack of 6°). Over the
entire angle-of-attack range for which data were obtained, the normal force
coefficients, the pitching moment coefficients, and the center of pressure locations
were independent of the Reynolds number, or equivalently, the total pressure in the
stilling chamber. '

The effective axial force coefficients are significantly affected by the Reynolds
number. Values of the effective axial force coefficient from the flow fields computed
using the Cobaltgy code were significantly greater, when the boundary layer is
assumed to be fully turbulent as compared to the computations made assuming that
the boundary layer remains laminar along its entire length.

Oil-flow patterns that were observed on the surface of the baseline model at an angle-
of-attack of 10° indicate a more complex flow field than was evident in the computed
solution. Oil-flow patterns indicate the existence both of a primary- and of a
secondary-separation location. The primary-separation location occurred very near
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the yaw plane as the flow proceeded from the windward surface around the rapid
change in cross-section slope for large values of y. The components of the velocity
vectors taken from the Cobaltsg computed flow field for a plane of constant x indicate
a single cross-flow separation, that is produced by the free-vortex shear-layer
separation.

2. Free Flight Data

Free-flight experiments of a power-law elliptic cross-section projectile have been
conducted and analyzed from Mach numbers of 3.0 through 5.0. Aerodynamic stability
derivatives and coefficients have been determined from this data. Computational fluid
dynamic simulations were run at the Mach 4.2 free-flight conditions and have been
compared to the experimental data. The experimental and CFD data were compared with
results from an engineering level aeroprediction code (AP98).

Overall, the agreement between the force and moment coefficients of the
numerical method (Cobaltsy) and engineering method (AP98) with the measurements
obtained in the free-flight range is good. This builds confidence in these methods as
useful predictive tools for this and similar configurations for preliminary design. To truly
validate these tools for an in-depth detailed design study, a grid refinement study would
need to be accomplished for the CFD. Additionally, higher amplitude motion would need
to be induced in the free-flight projectiles to provide experimental data at higher angles of
attack. This will allow better determination of aerodynamic coefficients and stability
derivatives. This will reduce the scatter seen in free-flight results and allow the nonlinear
behavior of the coefficients to be determined.

AP98, an empirical based method, was highly efficient, taking only minutes to
setup and run a case. Further, AP98 was able to predict the aerodynamics of the H3
reasonably well. Cobaltsy complements AP98 since it is able to handle complex
geometries through the use of unstructured grids. Solutions take longer, however, with
about one day to create the grid, and one day per solution. The advantage of using CFD
methods is to predict the entire flowfield, which includes complex phenomena. These
can include separated flow and shock/vortex interaction.

As encouraging as these results are, there was a discrepancy between the
prediction methods and free-flight results for the center of pressure, the most crucial
parameter to predict. A maneuvering projectile would require its center of gravity
forward of the center of pressure for stability, but not so far forward as to reduce
maneuverability. Grid refinement in the CFD may have reduced this discrepancy.
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APPENDIX A - NOMENCLATURE

a = Total angle of attack
q = Dynamic pressure
6DOF = Six degree of freedom
A4 = Cross section area of the model and reference area (A=7*(A e *Amin)/4)
a, dn;j = Major axis dimension (total width) at the base
AFB = Air Force Base
AFB = USAFA produced Force/Moment Baseline model
AFM = USAFA produced Force/Moment Modified baseline model
AFRL = Air Force Research Laboratory
APB = USAFA produced Pressure Baseline model
APM = USAFA produced Pressure Modified baseline model
ARF = Aeroballistic Research Facility
ARFDAS = Aeroballistic Research Facility Data Analysis System
b, dwin = Minor-axis dimension (total width) at the base
C, G = Body geometry contestants
CADRA = Comprehensive Aerodynamic Data Reduction Analysis
CFD = Computational fluid dynamics
CG,cg = Center of gravity
G = Roll moment coefficient (» __ 7 )
' g4d,,
Cn = Pitch moment coefficient (, __m )
" GAd,,
Cio = Pitching moment coefficient about the apex of the model
Cog = Pitch damping moment coefficient derivative ( %C_’ﬁ )
q
Cna = Pitching moment coefficient derivative ( %Cﬂ )
o
Cy = Yaw moment coefficient (, __ 7 )
" gAd,
Cor = Yaw damping moment coefficient derivative ( a_ac_"_)
"
Cup = Yaw moment coefficient derivative ( ?)
Cy = Axial force coefficient ( C, = X)
Cxo = Zero yaw axial force coefficient
Cy = Yaw force coefficient (, _ ¥ )
Y qA
Cyp = Normal force coefficient derivative in the yaw plane ( %_Cﬁl )
Cz = Normal force coefficient (Cz =Z)
g4
Cz = Normal force coefficient
Cza = Normal force coefficient derivative in the pitch plane ( _aa& )
o

51




b.qr
Pb,uve

PLES
PNS
psia

Py
qi
r
Re L
S
S/HABP
SOSE

It

I

Reference diameter of the model

Elliptic cross-section eccentricity

Eglin AFB produced Force/Moment Baseline model
Eglin AFB produced Pressure Baseline model
High-Performance Computing Facility

Moment of inertia about the x and y axis

Model surface constant ’

Model length

Roll, pitch, and yaw moment about projectile cg
Reference length in the definition of the pitching-moment coefficient (= a, the
dimension of the major axis at the base)
Free-stream Mach number

milibar

Maximum Likelihood Method

Pitching moment about the apex of the model

= Naval Air Warfare Center

fl

Il

Il

I

Celsius

Degrees Fahrenheit

Degrees Rankine

Static pressure

Roll rate, pitch rate, and yaw rate about projectile cg

Free-stream static pressure

Average value of the two measurements of the static pressure in the base region

of the model

= Power law elliptic section
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Parabolized Navier-Stokes

Pounds per square inch absolute

Total pressure in the tunnel stagnation chamber, also P,
Free-stream dynamic pressure, ( ¥2)P;M;’

Radius of model surface

- Reynolds number, based on the free-stream conditions and the model length

Model base area, 7mb/4

Supersonic/Hypersonic Arbitrary Body Program
Second-order shock-expansion

Total temperature in the tunnel stagnation chamber
Tri-sonic Wind Tunnel

United States Air Force

United States Air Force Academy

Volts

Axial coordinate

Downrange, side, and vertical position coordinates
Axial, yaw, and normal body forces

Location of center of pressure measured from nose
Location of center of gravity measured from nose
Maximum value of the y-coordinate at a given x-station
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Zmax = Maximum value of the z-coordinate at a given x-station

o = Pitch angle

B = Yaw angle

0 = Roll angle, or model axial rotation, ¢= 0° corresponds to the negative z-side of
the xz-plane; ¢=270° corresponds to the positive y-side of the xy plane

¥ = Ratio of specific heats, 1.4 for perfect air

(7 = Angular coordinate of model surface
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APPENDIX B - BODY FIXED AERODYNAMIC MODEL

1. 6DOF — Methodology

The aerodynamic data presented in this report that were obtained using the “body
fixed” 6DOF analysis is detailed in this appendix. Here, the equations of motion are
derived with respect to a rotating body fixed coordinate system. The x-axis points down
the axis of the body, the y-axis points out the left side of the body looking downrange,
and the z-axis points up with respect to the body. The body fixed coordinate system is
rigidly affixed to the projectile and rotates with the body about the x-axis. The inertial
frame of reference is the earth. It is assumed the earth is fixed in space and flat. The
body fixed equations of motion are given as follows where the subscript “b” refers to the
body fixed coordinate system.

BODY FIXED EQUATIONS OF MOTION

u,=gsin@-q,w, +nv, —a

cub

4+ Fxb
m
yb

V, = p,W, —hu, —gsingcosf—a_, +—

. zb
W, =q,u, — p,v, —gcosgcosb—a,_, +—=

A Iylb +1xymb _(Ix +‘Iy _Iz)lxypbrb +(13y +1y(1y .-Iz))qbrb

P (1, -1%)
;- Loy +1 1+ +1,—I)I q,r, +((I, ~1,)=12)p,r,
’ (I 1,-12)
. o+ 1, (py —q;)+U, —1,)p,q,
-
1

z

Where acus, acvn, and agy, are coriolis accelerations dependent on the latitude Ag

and azimuth &g of the range and rotational rate of the earth @,.
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BODY FIXED CORIOLIS ACCELERATIONS

a,, =-20,(ysin A, +2cos A, sindy)

a,, =+20,(xsin Ay — 2cos A, cos )

a, =+2m,(xcos A, sind, + ycos A, cosdy)

a,, =da, cosfcosy +a, cosfsiny —a,_ sinf

a,, =a. (sin@sinpcosy —cosgsiny) + a_, (sin Osin ¢siny + cos¢ cosy)
+a_ (sin ¢ cos @)

a,,, =a,(sinfcosy cos¢ +sin@siny) + a,(sin @ cos g sin i — sin ¢ cos )

cwh

+a_ (cos@cos8)

Once the aerodynamic forces and moments (i.e., Fy, Fy, F, [, m, n) are determined,
the solution of the body fixed equations of motion will define the 6DOF flight motion
with respect to the body fixed coordinate system. Since the position-attitude
measurements, as acquired from the ballistic spark range, are relative to the Earth-fixed
coordinate system, additional transformation equations are required. These
transformation equations are shown below in terms of the fixed plane Euler angles (6, ¥)
and the angle of rotation about the missile axis (¢).

EARTH FIXED TRANSFORMATION EQUATIONS (BODY FIXED)

X =u, cosfcosy + v, (sinfsingcosy + cos@siny)
+ w, (sin@cosgcosy + singsiny)

y =u, cos@siny + v, (sin@singsiny + cosgcosy)
+ w, (sinf cos@siny — singcosy)

Z=-u,sinf + v, cos@sing
+ wcosf@cos ¢

0= q, cos¢ —r, sing

. q,sing+r,cos¢

cos@
¢ = p, + tané(g, sing + r, cos @)

The Equations of Motion and the Earth Fixed Transformation Equations
are numerically integrated using a fourth-order Runge-Kutta scheme.
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. 2. Aerodynamic Forces and Moments.
The body fixed aerodynamic forces and moments are defined as follows:
F,, =-gAC,
_ v, p,d w
F, w = gA[-Cy, CYﬂ 7b 2b CYpa’ Vb Cym 717]
e = = W, pd= v v
? F,=q4-C,, —Cy, —Vb‘ sz Yoo Vb Y "V‘b'
d—
I, =gAI22C, +Cs8+ T,y
N 2V
— ‘Ibd Pd= Vv = v
m, = gAdd[C,, +C,, C,.+ C .—+C, . —
b q [ 2V mq W npo 4 nye 4
_ = Vv, hd= pd= W = W
=gAd[-C ,-C , -~ AL RN G AL
n, q [ n0 nf % 2V 2V npa 4 ny V]

where:
A = reference area

d = reference length

g = dynamic pressure = -;— sz

_ 2 2 2
‘ V=yul +v +w;

The aerodynamic coefficients and derivatives are assumed to be nonlinear
functions of Mach number, sine of the total angle of attack, and the aerodynamic roll
angle. This assumption is made in a general sense in defining a generalized aerodynamic
math model. These expansion for the body fixed equations of motion are shown as

follows:

AERODYNAMIC COEFFICIENT EXPANSIONS (BODY FIXED)

Axial Force Coefficient
’ Cy = Cro +Cra, (W") +CX,,,( LY 1+ C,, (M, = M,)+ Cy,, £* cos Ny
Normal Force Coefficient Derivative

— w
Cro =Cra +Cpp (-7”)2 +Cpp €2 COSN,




Side Force Coefficient Derivative

Cpy =Cyp +Cyy (KV{-)2 +Co €2 COSNY

Magnus Force Coefficient Derivative

C}’pzx

=Cya )
Induced Side Force Coefficient

Cypy = Cyp & SN NY .
Spin Decay Roll Moment Coefficient

C,=C,+Cpo & +C,,(M,~M,)

Static/Induced Roll Moment Coefficient

C,=C,0+ Cip, SINNY

Pitching Moment Coefficient Derivative

Cra = Cra + Cora (1;1)2 +Cyy(CG=CG,)+C,,, € cosNy

Yawing Moment Coefficient Derivative
= v
Cp=Cp+C, (7b)2 +Cy(CG-CG)+C, £* cos Ny

Pitch Damping Moment Coefficient

— Ws 2
C,, = C'mq + Cmqo,z (—17—

Yaw Damping Moment Coefficient

c Vs y2

C’"’ =Cnr + nro- (
4

Magnus Moment Coefficient Derivative

Cﬂ

pa = Cnpa
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Induced Side Moment Coefficient Derivative
1 _ 2 . 4 -
Cow =Cop, & sinN, +C, g simN,

Trim Force Coefficients

zZ0» CYO

a

Trim Moment Coefficients

m0?> CnO

The aerodynamic roll angle, % is computed as follows:
y=tan” (v,/w,)

The sine of the total angle of attack is calculated as follows:

ot
14
Y
A V

Slight variations in the center of gravity (CG) between test projectiles (models)

are accounted for by assigning a reference CG location (CG;) and making an appropriate
correction to the pitching moment coefficient derivative.
coefficient is the only coefficient of which slight changes in CG have a first order effect

on the observed motion.

The pitching moment

The full 6DOF equations of motion portion of the analysis eliminates the

assumptions of Linear Theory by retaining all cross coupling terms and allowing
nonlinearities both as functions of Mach number and angle of attack. In addition, the
procedure within ARFDAS allows analysis of up to five test flights simultaneously. This
provides improved accuracy of the extracted aerodynamics and their nonlinearities with

angle-of-attack, roll angle, and Mach number.
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